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The dissection of specific and nonspecific protein complexes in the gas phase is studied by
collisionally activated decomposition. In particular, the gas phase dissection of multiple
protonated homodimeric Human Galectin I, E. Coli Glyoxalase I, horse heart cytochrome c, and
Hen egg Lysozyme have been investigated. Both the Human Galectin I and E. Coli Glyoxalase
I enzymes are biologically active as a dimer, exhibiting molecular weights of approximately 30
kDa. Cytochrome c and Lysozyme are monomers, but may aggregate to some extent at high
protein concentrations. The gas phase dissociation of these multiple protonated dimer
assemblies does lead to the formation of monomers. The charge distribution over the two
concomitant monomers following the dissociation of these multiple protonated dimers is
found to be highly dissimilar. There is no evident correlation between the solution phase
stability of the dimeric proteins and their gas-phase dissociation pattern. Additionally, in the
collisionally activated decomposition spectra diffuse ion signals are observed, which are
attributed to monomer ions formed via slow decay of the collisionally activated dimer ions
inside the reflectron time-of-flight. Although, the formation of these diffuse metastable ions
may complicate the interpretation of collisionally activated decomposition mass spectra,
especially when studying noncovalent protein complexes, a simple mathematical equation
may be used to reveal their origin and pathway of formation. (J Am Soc Mass Spectrom 2001,
12, 329–336) © 2001 American Society for Mass Spectrometry
Metastable ions are ions that are sufficientlystable to leave the ionization chamber, butdecompose before reaching the detector [1]. In
mass spectrometry metastable ions have been already
for a very long time an excellent tool that may be used
for structure elucidation and mechanistic insight into
ion fragmentations [1]. Especially in organic mass spec-
trometry, where molecular ions are generally generated
by electron impact ionization, the mechanism of meta-
stable ion formation has been well described for numer-
ous small organic molecules [2]. With the development
of new ionization techniques such as matrix-assisted
laser desorption/ionization (MALDI) [3] and electro-
spray ionization (ESI) [4] the detectable mass range of
biomacromolecular systems by mass spectrometry has
been immensely extended [5, 6]. These new ionization
methods all produce pseudomolecular ions, generally
by (multiple) protonation or deprotonation of the ana-
lyte. Although these ionization methods are usually
termed “soft,” the generated pseudomolecular ions
may still decompose in-flight to the detector of the mass
spectrometer. In biomolecular mass spectrometry, and
especially in MALDI of biomolecules, the occurrence of
metastable ion fragmentations has been brought to use
in conjunction with, for instance, peptide and carbohy-
drate sequencing by post-source decay (PSD) in time-
of-flight (TOF) mass spectrometers [7–11].
These new ionization methods, but in particular
electrospray, have allowed the relatively gentle phase
transfer of biomolecules from solution to the gas phase
and enabled the intact detection by mass spectrometry
of larger multiprotein assemblies [5, 6, 12–18]. Complete
protein assemblies, exhibiting molecular weights of
even over one million Da, may now be transferred into
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the gas phase and their assembly and disassembly may
be studied by mass spectrometry [5, 6, 16, 19–24]. Due
to the relatively soft ionization process electrospray
generally does not lead to extensive fragmentation. To
induce fragmentation in ions produced by electrospray
they often have to be collisionally activated. Especially
for larger protein complexes the activation energy re-
quired to induce fragmentation may be quite high [21].
It has been shown that gas-phase collisionally activated
decomposition (CAD) MS/MS may be a valuable tool in
the investigation of higher order structures of multipro-
tein assemblies [6, 18, 19, 24, 25], although the informa-
tion obtained should be carefully evaluated when
brought in relation to solution phase characteristics.
Collisional activation may potentially also induce
metastable ion formation even of larger ionic protein
assemblies. In this paper we describe results of a
gas-phase collisional activation study on two ho-
modimeric protein assemblies and for comparison also
on two nonspecific dimer aggregates, in particular of
the two homodimers Human Galectin I and E. Coli
Glyoxalase I and the monomeric proteins cytochrome c
and Lysozyme. Both the enzymes Human Galectin I and
E. Coli Glyoxalase I are biologically active as dimer,
exhibiting molecular weights of approximately 30 kDa.
Galectin I is a beta-galactoside-binding protein and
exists in a monomer–dimer equilibrium (Kd of Human
Galectin I is approximately 7 mM) [26]. Although, no
absolute binding constant has been reported for E. Coli
Glyoxalase I, it has been shown that it is at least in the
mM range [27]. Although, the observed dissociative
reaction pathway (i.e., two monomers are formed) is not
that enticing, we report that the charge distribution
over the two concomitant monomers following the
dissociation of these multiple protonated dimers is
highly disparate. The observed charge distributions do
not reveal an evident correlation with the solution
phase stabilities (as reflected by their tendency to
dimerize) of the proteins. Additionally, we reveal and
describe the formation of diffuse metastable ions in the
CAD of these protein assemblies when studied by
orthogonal TOF MS. The abundance of the metastable
ions is quite similar in the CAD MS/MS spectra of the
specific dimers Human Galectin I and E. Coli Glyoxalase
I, but also in the spectra of the weak dimeric aggregates
of cytochrome c and Lysozyme.
Experimental
Mass spectrometry measurements were performed on a
quadrupole time-of-flight (Q-TOF) instrument (Micro-
mass, Manchester, UK) operating in positive ion mode,
equipped with a Z-spray nanoelectrospray source. All
spectra were recorded from aqueous ammonium ace-
tate (5 mM) solutions at pH 5 7. Nanoelectrospray
needles were made from borosilicate glass capillaries
(Kwik-Fil, World Precision Instruments, Sarasota, Flor-
ida) on a P-97 puller (Sutter Instrument, Novato, CA).
Needles were coated with a thin gold layer (;500 Å)
using an Edwards Scancoat Six sputter coater. The
potential between the nanospray needle and the orifice
of the mass spectrometer was typically set to 1800 V, the
cone voltage was varied from 20 to 80 V. In MS/MS
mode the quadrupole was used to select the precursor
ions, which were fragmented in the hexapole collision
cell, generating product ions that were subsequently
mass analyzed by the orthogonal reflectron TOF mass
analyzer. Unless stated otherwise for CAD MS/MS
measurements the voltage over the hexapole collision
cell was set to approximately 40 V (for normal mass
spectrometry spectra this voltage is at 4 V). For CAD
MS/MS argon was used as collision gas up to a pres-
sure of typically 0.7 bar (as indicated by the pressure
readout).
Materials
E. Coli Glyoxalase I was produced and purified as
described previously [28]. For mass spectral analyses
purified apoenzyme was concentrated and the buffer
changed to 5 mM ammonium acetate, pH 7.0 using an
Amicon Centricon (YM10, Millipore, Bedford, MA).
Aliquots of the enzyme were stored at 280 °C following
lyophilization in microcentrifuge tubes, which had been
presoaked with 10% nitric acid to remove any extrane-
ous metals and well rinsed with Chelex treated water.
Human Galectin I was kindly supplied by van der
Eijnden (Free University, Amsterdam) and used with-
out further purification. Horse heart cytochrome c and
Henn egg Lysozyme were obtained from Sigma (Zwijn-
drecht, The Netherlands) and used without further
purification.
Results
Mass Spectra
In Figure 1A, B the nanoflow electrospray ionization
mass spectra are shown of E. Coli Glyoxalase I (20 mM in
5 mM ammonium acetate) and Human Galectin I (20 mM
in 5 mM ammonium acetate), respectively. As described
previously, at neutral pH the mass spectrum of Glyox-
alase I is dominated by signals originating from the
dimeric species, which is also the biologically active
conformer [27]. The dimeric ions observed are D9, D10,
D11, and D12, with the D12 ion signal being the base
peak (Dx indicates the [2M 1 xH]x1 ions). Some resid-
ual monomeric ions are observed originating predomi-
nantly from M9, M8, and M7 (Mx indicates the [M 1
xH]x1 ions). The spectrum obtained for Human Galectin
I is quite similar to that of Glyoxalase I (see Figure 1B).
At neutral pH Human Galectin I is also predominantly a
dimer [29]. In contrast, the mass spectra of cytochrome
c and Lysozyme do reveal predominantly monomer
ions (data not shown). The most abundant dimeric
species detected were for both protein D11 ions, which
contributed less than 1% to the total ion current.
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CAD MS/MS Spectra
The dimeric ions were subjected to collisional activation
in the hexapole collision cell of the Q-TOF mass spec-
trometer. Therefore, the quadrupole was set to select
the precursor ions of interest, argon collision gas was
entered into the gas cell, and a voltage of approximately
40 V was set over the hexapole to increase the collision
energy. Precursor and fragment ions were detected at
the detector at the end of the TOF region. Figure 2A
shows the CAD MS/MS spectrum of the dimeric D11
ions of E. Coli Glyoxalase I. Table 1 list the relative
intensities of the most abundant fragment ions. Maybe
not surprisingly, the dominant fragmentation pathway
observed is the dissociation of the dimer into two
monomers. However, an interesting feature observed is
that the charge distribution over the two concomitant
monomer units is highly dissimilar. The fragment ions
observed in the CAD spectra for D11 are the M8, M7,
M4, and M3 (the latter are not shown in Figure 2A),
albeit no M6 and M5 are detected. The CAD MS/MS
spectra of the D10 and D12 ions do confirm the ob-
served unequal charge separation pattern (data not
shown). The D12 ions dissociate mostly into M9 and M3
ions, thereby, displaying the largest inequality in charge
distribution. To investigate whether this feature is re-
lated to the nature of the protein we investigated
Human Galectin I, cytochrome c, and Lysozyme for
comparison, which are structurally completely differ-
ent, although their monomer mass is in the same range.
Figure 2B shows the CAD MS/MS spectrum of the D11
ions of the in solution strongly dimerizing protein
Human Galectin I. Again, upon CAD these ions disso-
ciate exclusively into monomer units, exhibiting equal
mass. The charge distribution is still somewhat dispro-
portionate, albeit not as extreme as in the case of the
dimeric ions of Glyoxalase I (see Figure 2B and Table 1).
CAD MS/MS on the other charge states of the dimer of
Human Galectin I (data not shown) confirmed this
picture. Figure 2C, D show the CAD MS/MS spectra of
the D11 ions of cytochrome c and Lysozyme, respec-
tively. Table 1 summarizes the relative intensities of the
fragment ions, observed under identical experimental
conditions for the D11 ions of all studied proteins.
The data in Figure 2 and Table 1 reveal first of all that
the higher charge state fragments are detected more
efficiently than the concomitant lower charge state
fragments. For instance, theoretically, in the CAD
MS/MS of the D11 ions of E. Coli Glyoxalase I the
intensities of the two concomitant M7 and M4 fragment
ions should be identical. A likely explanation might be
that the lower charge state fragments (which have
lower velocities) are more scattered during their flight
through the mass spectrometer (inducing loss) and,
additionally, they probably make less impact on the
multichannel plate detector. This presumption is some-
what ratified by the fact that in similar experiments by
Schwartz et al. [19] on the gas-phase dissociation of
tetrameric noncovalent Streptavidin protein complexes
inside a Fourier-transform ion cyclotron resonance (FT-
ICR) ion trap both the high and low m/z fragment had
similar intensities, indicating that the present artefact
might be due to the TOF instrument used here.
The observed highly unequal charge distribution
over the two concomitant monomers is more puzzling.
Skewed charge distributions have been observed previ-
ously in the dissociation of larger protein complexes in
that a small entity accommodated relatively more
charges than the larger entity [16, 19, 21]. A particularly
related study by Schwartz et al. [19] on the gas-phase
dissociation of tetrameric noncovalent protein com-
plexes inside an FT-ICR ion trap revealed a preferential
asymmetric break up into monomer and trimer frag-
ments, whereby the monomer ions did get “more than
their share of charges” [19] (the predominant dissocia-
tion pathway followed the equation tetramer14 3
monomer7 1 trimer7). Schwartz et al. provided a ratio-
nale to explain their observations, which was based on
a more general charged droplet fission model. By as-
suming that the volume of the concomitant fragment
ions was directly related to the mass their model could
explain to some extent the observed inequality of
charge partition over the two fragments. These finding
actually prompted us to study in this work ho-
modimeric systems as in this case the two concomitant
Figure 1. Nanoflow electrospray ionization spectra of (a) E. Coli
Glyoxalase I and (b) Human Galectin I. Spectra were taken from
aqueous 5 mM ammonium acetate solutions containing 20 mM of
the enzyme (monomer concentrations).
331J Am Soc Mass Spectrom 2001, 12, 329–336 CAD MS/MS OF NONCOVALENT PROTEIN ASSEMBLIES
fragments have identical mass (and even amino-acid
sequence). If we first assume, as done in their model,
that mass is proportional to volume the volume ratio l
of the two concomitant fragment “droplets” l 5 1. The
model used by Schwarz defines additionally the param-
eter a, which is the distance between the centers of the
two droplets at the “pseudo saddle point” just prior to
dissociation. If the two spheres are just touching a 5 1.
a is actually an adjustable parameter that can range
from 1 to infinity. According to the model the ratio of
the charges of the two droplets is given by q1/q2 5 lp.
The parameter p is further defined as p 5 [al 1 a 2
1]/[a 1 (a 2 1)l]. For both limiting cases of a; (a,
l) 5 (1, 1) and (a, l) 5 (infinity, 1) it may be shown
that the parameter p 5 1 and thus the charge ratio
q1/q2 5 1. Therefore, if we apply the simple charged
droplet fission model provided by Schwartz et al. to our
homodimeric dissociations both concomitant equal-
mass fragments would obtain an equal charge.
A priori it could also be hypothesized that the
solution-phase characteristics of the protein (in partic-
ular its dimerization constant) may affect the gas-phase
dissociation pattern of the dimeric ions. However, the
CAD MS/MS spectra of the D11 ions of the strongly
dimerizing E. Coli Glyoxalase I (Figure 2A) resembles
more closely the CAD MS/MS spectrum obtained for
the D11 ions of the not dimerizing cytochrome c,
displaying a preference for the reaction D11 3 M8 1
Figure 2. CAD MS/MS spectra of the D11 ions of (a) E. Coli Glyoxalase I, (b) Human Galectin, (c)
horse heart cytochrome c, and (d) Hen egg Lysozyme. Mx indicates [M 1 xH]x1, and in Mx*y the x
indicates the identity of the fragment (Mb) and y reveals the identity of the precursor Ma (see text for
further discussion).
Table 1. Relative intensities (in %) of the fragment ions observed in CAD MS/MS spectra of D11 ions. Mx indicates monomer ions
with x protons attached to them. Besides the proteins studied the table shows the approximate mass of the monomer unit (Mw) and
the dimerization constant (Kd at pH 5 7 and room temperature) are given
Protein
Mw
(kDa)
Kd
(mM) M8 M7 M6 M5 M4 M3
Glyoxalase I 14.9 ;10 55 38 — — 5 2
Human Galectin I 15.0 ;10 — 58 19 11 12 —
Cytochrome c 12.3 ;0 80 12 — — 2 6
Lysozyme 14.3 ;0 — 38 32 21 9 —
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M3 (see Figure 2 and Table 1). On the other hand, the
CAD MS/MS spectra of the D11 ions of the strongly
dimerizing Human Galectin I is quite similar to that of
the not dimerizing Lysozyme, displaying more of a
preference for the reactions D113 M7/M6 1 M4/M5.
Therefore, we have to conclude that there is no evident
relation between the magnitude of the solution-phase
dimerization constant and the observed CAD MS/MS
behavior.
The most plausible explanation to describe the ob-
served charge separation reaction could still be the
model given by Schwartz et al. if it is assumed that both
equal mass fragments acquire very different shapes/
volume, possibly leading to a highly charged partly
unfolded protein monomer (e.g., M8) and a more com-
pact and thus less charged concomitant particle (e.g.,
M3).
Metastable PPD Ion Spectra
A careful examination of the MS/MS spectra displayed
in Figure 2 reveal some additional fragment ion signals,
which at first glance cannot be attributed to expected
fragment ions. These fragment ion signals are some-
what broader than the “regular” fragment ion signals.
Previously, we and others have shown that precursor
ions collisionally activated in the hexapole collision cell
of a Q-TOF may decompose in the collision cell (regular
fragment ions) but also after they have been orthogo-
nally accelerated into the TOF region [30, 31]. We
termed ions formed via such a mechanism post-pusher
decay (PPD) ions. Harvey et al. [30] have reported a
simple relationship between the apparent mass of these
PPD ions, the precursor ions and the fragment ions;
Mc 5 MaF1 1 ~Mb/Ma!r1 1 r G
2
(1)
in which Mc is the “apparent” mass of the PPD ion, Ma
the mass of the precursor ion, and Mb the mass of the
fragment ion. The r is an instrumental parameter, which
can be determined from measured values of Ma, Mb,
and Mc. (For the Q-TOF used in the present study, the
determined r value is 0.606). Although, also in the CAD
MS/MS spectra of cytochrome c and Lysozyme PPD
ions are observed (see Figure 2) we concentrate here on
the spectra of Glyoxalase I and Galectin I. Tables 2 and
3 show the calculated and experimentally measured m/z
values of the observed PPD ions of Glyoxalase I and
Human Galectin I, respectively. The notation we adapt
for the metastable ions is Mb*a, in which Mb is the
“regular” fragment ion, formed from the precursor Ma.
A nice feature of the observation of metastable ions is
that they directly reveal the identity of their precursors,
thus forming a sort of alternative precursor ion scan
method. For instance, from the results shown in Table 2
it may be directly deduced that the Glyoxalase I M7
fragment ions can be formed from two different precur-
sors, i.e., D10 and D11, as revealed by the metastable
ions observed at m/z 5 2382 and 2297, respectively. As
shown before, metastable ions may therefore be used to
deduce fragmentation mechanisms [30, 31]. In the
present study the metastable ion fragmentations reveal
directly that the above concomitant fragment pairs (e.g.,
M3 and M8 originate from D11) are indeed formed as
suggested, and not for instance by partial electron
capture prior to dissociation. However, the occurrence
of metastable ions can be bothersome, when one does
not identify them as such. We, and others, working
on mass spectrometry of larger protein complexes
using orthogonal TOF instrumentation have ob-
served that instrumental parameters such as source
pressure, collision gas, and cone voltage have to be
optimized for the optimal transmission of these
higher molecular masses [6, 18, 24, 25, 32]. These
“optimized” experimental parameters are, however,
also nearly optimal for the formation of metastable
ions. To illustrate “a worst case scenario” Figure 3A
shows the “normal” mass spectrum of Glyoxalase I
obtained under experimental conditions, which are
close to optimal for detection of much larger protein
complexes. Compared to the data represented in
Figure 1A several experimental parameters were
changed. The source pressure was increased by leak-
ing dry nitrogen into the source region. The quadru-
pole pressure was 1 3 1024 mbar (5 3 1026 mbar for
Table 2. Post-pusher decay (PPD) fragment ions observed in
the Q-TOF CAD MS/MS spectrum of protonated Glyoxalase I
dimer ions. Ma, Mb, and Mc denote the m/z values of the
precursor, the fragment, and the PPD ions, respectively. In Mx*y
the x indicates the identity of Mb and the y reveals the identity
of Ma
Mc
(measured)
Mc
(calculated) Assignment Ma Mb
1905 1902 M9*12 2488 1660
2045 2041 M8*12 2488 1866
2114 2114 M8*11 2720 1866
2297 2295 M7*11 2720 2133
3537 3535 M4*11 2720 3752
2382 2379 M7*10 2992 2133
2625 2624 M6*10 2992 2488
2721 2722 M6*9 3320 2488
Table 3. Post-pusher decay (PPD) fragment ions observed in
the Q-TOF CAD MS/MS spectrum of protonated Human
Galectin I dimer ions. Ma, Mb, and Mc denote the m/z values of
the precursor, the fragment, and the PPD ions, respectively. In
Mx*y the x indicates the identity of Mb and the y reveals the
identity of Ma
Mc
(measured)
Mc
(calculated) Assignment Ma Mb
2311 2310 M7*11 2736 2147
2568 2564 M6*11 2736 2505
2945 2944 M5*11 2736 3006
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the data in Figure 1A), the TOF analyzer pressure 1 3
1026 mbar (3 3 1027 mbar for the data in Figure 1A),
and argon gas had been leaked into the hexapole
collision cell up to a pressure of 0.7 bar. The cone
voltage and collision cell voltage were both set to
approximately 60 V. The ESI mass spectra of Figures
1A and 3A are quite different, although they are
taken from exactly the same solution. The mass
spectrum in Figure 3A is dominated by monomer
ions, although still significant ion signals are ob-
served for the dimer ions. However, several metasta-
ble ions are detected in this “normal” mass spectro-
metry spectrum as well. They are shown more
explicitly in Figure 3B, which is an y-axis enlarged
copy of Figure 3A. In case these ion signals would not
be identified as such, one might believe that several
impurities are present in the solution. Although, the
experimental parameters were somewhat exaggerat-
edly modified to enhance the formation of metastable
ions, they are not far away from those used for the
detection of much larger noncovalent protein com-
plexes.
Identification of Metastable PPD Ions and their
Precursors
Although the identification of metastable ions can be
done using eq 1, a more simple graphical relationship
can be derived between Ma, Mb, and Mc, as we also
showed in our work on CAD MS/MS of small mole-
cules [31]. In Figure 4 values of Mc are plotted against
the corresponding values of Mb, for metastable ions
formed from precursors with nearly identical m/z val-
ues (Ma 5 2720 or 2736) originating from the D11 ions.
In this figure the experimental values of six Mb 2 Mc
pairs are given together with the calculated theoretical
values using eq 1 (the curved gray line) and the fitted
linear plot (solid black line). From the data shown in
Figure 4 it is clear that there exists, for a given precursor
Ma, a nearly linear relationship between Mb 2 Mc
pairs. Although, this relationship is not exactly linear, it
may be used to efficiently and unambiguously identify
related precursor, prompt, and/or metastable fragment
ions.
Conclusions
The CAD inside a mass spectrometer, of two dimeric
proteins (i.e., Human Galectin I and Glyoxalase I) and
two nonspecific dimeric aggregates (i.e., cytochrome c
and Lysozyme) has been investigated by CAD MS/MS
using an orthogonal TOF instrument. Upon collisional
activation all dimeric protein complexes dissociate into
monomers of equal mass, albeit the charge distribution
over the two concomitant monomers is found to be
highly disparate. No evident relation could be observed
between the solution-phase stability of the dimers and
the CAD MS/MS fragmentation patterns. A previously
described model by Schwartz et al. is adopted to
Figure 3. Nanoflow electrospray ionization mass spectra of E.
Coli Glyoxalase I taken from aqueous 5 mM ammonium acetate
solutions containing 20 mM of the enzyme (monomer concentra-
tion). Compared to mass spectrometry spectrum shown in Figure
1 several experimental parameters were adjusted (see text). (b) is
identical to (a) with the y values multiplied by 10. In Mx*y the x
indicates the identity of the Mb and y reveals the identity of Ma.
Figure 4. Experimental values of the fragment ions Mb plotted
vs. the values of the complementary metastable Mc PPD ions
(solid triangles), in case of the precursor ions Ma of m/z 5
2720/2736 Th. This data were fitted by a simple linear equation
(black line, R2 5 0.9991), and by using the exact eq 1 (grey
curved line).
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explain the observed behavior, which would indicate
that both equal mass fragments would acquire signifi-
cantly different higher order structures and thus utilize
less volume.
Additionally, diffuse ion signals are observed in the
CAD MS/MS spectra of these dimeric ions, but also
under certain experimental conditions already in the
mass spectrometry spectra. It is shown that they origi-
nate from the relatively slow decay of the activated
dimer ions into monomers inside the reflectron TOF.
Although, these diffuse ion signals may hamper inter-
pretation of mass spectra of especially large noncova-
lent complexes, it is shown that simple relationships can
be used to identify unambiguously these ion signals in
the spectra.
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